The ICAM-1/LFA-1 interaction has been clearly demonstrated to play an active role in syncytium formation induced by human immunodeficiency virus type 1 (HIV-1). Since it is known that a high-affinity state of LFA-1 for ICAM-1 can be induced through conformational change, such a high-affinity state may also contribute to the process of syncytium formation. In this study, we have investigated the involvement of the conformational status of LFA-1 in HIV-1-dependent syncytium formation by using the anti-LFA-1 antibody NKI-L16, which is known to activate the high-affinity state. Initial visual observations by light microscopy indeed suggested that the addition of the NKI-L16 antibody led to bigger and more numerous syncytia when different cell lines were tested. ICAM-1, anti-LFA-1, anti-ICAM-1, and anti-ICAM-2 blocking antibodies, indicating the requirement for the LFA-1/ICAM interaction. Treatment of peripheral blood mononuclear cells with NKI-L16 resulted in a higher level of syncytium formation in the presence of the cell line J1.1. Conversely, when PBMCs were infected with two different syncytium-inducing HIV-1 primary isolates, coincubation with NKI-L16-pretreated 1G5 cells led to higher levels of luciferase activity for both virus isolates. Our results therefore show for the first time a direct role for the LFA-1 high-affinity state in virus-mediated syncytium formation. Based on the demonstration that an increase in ICAM-1 binding is induced by T-cell activation, these data suggest an in vivo involvement of the high-affinity state of LFA-1 in HIV-1-induced syncytium formation. Moreover, syncytia might preferentially occur in lymph nodes, since this microenvironment harbors a high proportion of activated T cells.
Human immunodeficiency virus type 1 (HIV-1), the etiological agent of AIDS, is known to cause a progressive loss of CD4 ϩ T-cell counts. Several virus-mediated pathogenic effects have been postulated to account for the observed CD4 ϩ T-cell depletion. One of the best-described types of HIV-1-induced cell death is syncytium formation, which is characterized by a high rate of cell-to-cell fusion events between uninfected and infected cells, eventually leading to cell death. Although observed in cell culture, few examples of similar observations have been made in vivo and are limited mainly to lymph nodes (including the tonsils) and to the brain region (20, 29, 50) .
Syncytium formation is dependent on the interaction be-tween the HIV-1 envelope protein gp120 on the surface of an infected cell and the CD4 receptor molecule of an uninfected cell (15, 39, 40, 45, 55) . The interaction of the gp120 molecule with the newly identified ␣ and ␤ chemokine receptors (CXCR4 and CCR5) has also been shown to be of primary importance in syncytium formation (2, 18, 21, 24) . Although these interactions seem to suffice under certain conditions, interactions between other cellular constituents such as LFA-1/ICAM-1 have been shown to be very important for the formation of syncytia in cell types in which gp120 expression is limited without necessarily alleviating the requirement for a certain threshold level of gp120/CD4 interaction (31) . ICAM-1 is part of a subfamily of cell surface molecules which include ICAM-2 and ICAM-3. ICAM-1 is present mainly on the surface of lymphocytes, granulocytes, monocytes, macrophages, and certain epithelial cells (56) . ICAM-2 expression is restricted mainly to the surface of vascular endothelium and of some lymphoid cells (17, 58) , while ICAM-3 is limited to leu-kocytes (16) . Their interaction partner, LFA-1, is part of the family of integrins often implicated in intercellular adhesion events. LFA-1 is made of two subunits, CD11a and CD18, and shows restriction in its pattern of expression to hematopoiesisderived cells. Two distinct conformational states exist for LFA-1, one being of high affinity toward the ligand ICAM-1. The high-affinity conformation of LFA-1 can be induced by stimulating agents such as phytohemagglutinin (PHA), phorbol-12-myristate-13-acetate, divalent ions and several other antibodies specific for surface receptors such as the TCR/CD3 complex, CD2, and major histocompatibility complex type II (MHC-II) (19, 22, 23, 41) . Moreover, certain antibodies directed against LFA-1 have been reported to induce this highaffinity state by direct induction of the conformational change (34, 37) . This conformational change seems to be dependent on the presence of specific cation such as magnesium (25, 41) . This dynamic regulation of integrins allows the cells bearing these molecules to rapidly convert from a nonadherent to an adherent phenotype and vice versa. The importance of LFA-1/ICAM-1 interaction in HIV-1mediated syncytium formation has been extensively studied. Antibodies directed against LFA-1 has hence been known to greatly reduce HIV-1-induced cell-to-cell fusion (33, 59) . In addition, LFA-1 requirement for syncytium formation has been clearly demonstrated with the use of CD4 ϩ T cells deficient in cell surface expression of LFA-1 (47) . Butini and colleagues have further demonstrated the contribution of ICAM-2 and ICAM-3 in the formation of syncytia through LFA-1 interaction (12) . It is believed that such a strong interaction might compensate for the low abundance of gp120 by providing a greater cell-to-cell affinity (31) . However, no information has yet been gathered on the potential implication of the highaffinity state of LFA-1 in the formation of syncytia.
In this study, we have thus analyzed the outcome of LFA-1 activation on HIV-1-mediated syncytium formation. Using a new luciferase-dependent quantitative assay, we have shown that antibody-mediated LFA-1 activation augmented syncytium formation significantly and that these syncytia were inhibited by blocking agents specific to the gp120/CD4/CXCR4 and the LFA-1/ICAM interactions.
MATERIALS AND METHODS
Cell lines and plasmids. All cell lines (except for the HeLa-CD4-LTR-␤-gal cell line) were grown in RPMI 1640 medium supplemented with 10% fetal calf serum (HyClone Laboratories, Logan, Utah), glutamine (2 mM), penicillin G (100 U/ml), and streptomycin (100 mg/ml). Uninfected CD4 ϩ T cells included Jurkat E6.1 (60), the Jurkat E6.1-derived 1G5 cell line which harbors two copies of a stably transfected plasmid made of the luciferase reporter gene downstream of the HIV-1 long terminal repeat region (1), Sup-T1 (54), PM1 (42) and WE17/10 (61). Jurkat-tat cells, a Jurkat E6.1-derived cell line which expresses the HIV-1 Tat transactivator, were also used (14) . We have also used the Jurkat E6.1-derived cell lines J1.1, which is latently infected with HIV-1 (49) . OM10.1 is another cell line latently infected with HIV-1, which was initially derived from the promyelocytic cell line HL60 (11) . Three chronically infected cell lines derived from the H9 T cell line (43) were obtained by infection with HIV-1 IIIB , HIV-1 IIIMN , and HIV-1 IIIRF . The chronically infected cell line Jurkat-tat/ PBS-WT was derived by transfection of pPBS-WT (38) by the DEAE-dextran method. This molecular clone of HIV-1 contains the full-length HIV-1 genome from pSCV21 (30) with the wild-type primer binding site of HXB2D, an infectious molecular clone of HIV-1 IIIB (57) . The U937-HIV-1 IIIB cell line was derived by acutely infecting the monocytic cell line U937 with HIV-1 IIIB . An A2.01-derived cell line expressing the HIV-1 gp120 molecule on its surface (A2.01env2.0) was kindly provided by L. Poulin (Centre Hospitalier Universitaire de Québec, Pavillon CHUL) (46) . The HeLa-CD4-LTR-␤-gal cell line was grown in Dulbecco modified Eagle's medium supplemented with 10% fetal calf serum, glutamine (2 mM), penicillin G (100 U/ml), and streptomycin (100 mg/ ml) in the presence of 200 g of G418 per ml and 100 g of hygromycin per ml. This cell line contains stably integrated constructs for CD4 expression and for the ␤-galactosidase reporter gene under the control of the HIV-1 long terminal repeat (35) . pLTRX-LUC was used in transient-transfection experiments and contains a 722-bp XhoI (Ϫ644)-HindIII (ϩ78) fragment from HIV-1 LAI placed in front of the luciferase reporter gene (kindly provided by O. Schwartz, Unité d'Oncologie Virale, Institut Pasteur, Paris, France) (53) .
Antibodies and soluble proteins. NKI-L16 (anti-CD11a) was obtained from Carl C. Figdor (University Hospital, Nijmegen, The Netherlands) (34) , while anti-LFA-1 antibodies MEM30 and MEM83 (anti-CD11a) were kind gifts from Vaclav Horejsi (Institute of Molecular Genetics, Prague, Czech Republic) (5) . The anti-ICAM-1 antibody (anti-CD54) RR1/1.1.1 was kindly provided by Robert Rothlein (Boehringer Ingelheim, Ridgefield, Conn.) (52) . Anti-ICAM-2 (clone 92C12F) and anti-ICAM-3 (clones ICR-1.1, ICR-3.1, and ICR-5.1) monoclonal antibodies, the latter being specific for its domain 1, were supplied by ICOS Corp. (Bothell, Wash.). Anti-CXCR4 (clone 12G5; no. 3439) and anti-gp120 (anti-V3 loop-neutralizing antibodies from IIIB-V3-13; no. 1727) monoclonal antibodies were supplied by the AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases. Plasma-pooled purified human immunoglobulin G (IgG) from HIV-1-infected subjects were also used in our studies. Hybridomas that produce anti-CD4 SIM.2 and SIM.4 antibodies were provided by the National Institutes of Health AIDS Repository Program. SIM.2 recognizes a different epitope from Leu3A, while SIM.4 is specific for the V 1 domain of CD4 (44) . Antibodies from these producer cell lines and from HIV-1-infected persons were purified on a mAbTrap protein G affinity column as specified by the manufacturer (Pharmacia LKB Biotechnology AB, Uppsala, Sweden). The ICAM-1 fusion protein (sICAM-1) consists of the extracellular part of ICAM-1 fused to the hinge region and constant H-chain domains 2 and 3 of a mouse IgG2b and was purified on an immunoaffinity column. This fusion protein was supplied by E. Lundgren (University of Umeå, Umeå, Sweden) and has been described previously (32) . Stromal cell-derived factor 1 (SDF-1, 1-67) was a kind gift from I. Clark-Lewis (Biomedical Research Center, Vancouver, Canada). Recombinant soluble CD4 (sCD4) from R. Sweet (SmithKline Beecham) was also obtained through the NIH AIDS Repository Program.
DEAE-dextran transfection. Lymphoid cells were transfected as previously described (4) . Briefly, 10 7 cells were washed in TS buffer (137 mM NaCl, 25 mM Tris-HCl [pH 7.4], 5 mM KCl, 0.6 mM Na 2 HPO 4 , 0.5 mM MgCl 2 , 0.7 mM CaCl 2 ) and then incubated for 25 min at room temperature along with 15 g of pLTRX-LUC in 1 ml of TS buffer containing 500 g of DEAE-dextran per ml. Afterward, 10 ml of supplemented RPMI 1640 medium was added to the cells along with 100 M chloroquine and the cells were incubated at 37°C for 45 min. After being pelleted, the cells were resuspended in 10 ml of supplemented RPMI 1640 medium and incubated at 37°C for 24 h. Syncytium assay. Uninfected cells were first concentrated to 10 6 cells/ml. Thereafter, 100 l of either untransfected or transfected cell suspension was added to a 96-well plate in triplicate. The cells were either left untreated or treated with NKI-L16 (1 g/ml) or MEM83 (3 g/ml) prior to incubation at 37°C for 30 min. Following incubation, 100 l of medium or HIV-1-infected T cells (10 6 cells/ml) was added. For the experiment where different cell ratios were tested, 1G5 cells were left untreated or incubated with NKI-L16 (1 g/ml) and then added at different volumes in triplicate to wells to which an adjusted volume of virally infected cells was then added to make up a final volume of 200 l. For the zidovudine (AZT) experiment, 1G5 cells were pretreated with 1 M AZT for 90 min before the addition of J1.1 cells. With these cell mixtures, further treatments were also used and included the addition of the following antibodies: anti-gp120 neutralizing antibodies (anti-V3 loop neutralizing antibodies from IIIB-V3-13), purified human pooled anti-HIV-1 antibodies, anti-CD4 (clones SIM.2 and SIM.4), anti-CXCR4 (clone 12G5), anti-LFA-1 (clone MEM30), anti-ICAM-1 (clone RR1/1.1.1), anti-ICAM-2 (clone 92C12F), and anti-ICAM-3 (clones ICR-1.1, ICR-3.1, and ICR-5.1) antibodies. Soluble purified proteins, such as CD4, ICAM-1 and SDF-1, were also added at different concentrations. Mixed cells were then allowed to form syncytia for 12 h (or the indicated time) and were either photographed at a magnification of ϫ100 with an inverted microscope or lysed in lysis buffer for luciferase counts as previously described (10, 13, 26) . Luciferase activity was monitored with a microplate luminometer (MLX; Dynex Technologies, Chantilly, Va.). The HeLa-CD4-LTR-␤-gal samples were lysed and evaluated for ␤-galactosidase activity by using the Dynex luminometer and the Galacto-Light Plus kit as specified by the manufacturer (Tropix, Bedford, Mass.).
Fluorescence-activated cell sorter (FACS) analysis. Cells were incubated for 30 min on ice with saturating concentrations of monoclonal RR1/1.1.1, 92C12F, or ICR-3.1 antibodies. The cells were washed twice in washing medium and incubated for 30 min on ice with a saturating concentration of secondary antibodies consisting of fluorescein-conjugated goat anti-mouse IgG from Caltag Laboratories (San Francisco, Calif.). Finally, the cells were washed twice in phosphate-buffered saline and were resuspended in 500 l of phosphate-buffered saline containing 1% (wt/vol) paraformaldehyde prior flow cytometry analysis (EPICS XL; Coulter Corp. Miami, Fla.). Controls consisted of commercial isotype-matched irrelevant murine monoclonal antibodies (Sigma, St. Louis, Mo.).
PBMC isolation, infection, and transfection. Primary peripheral blood mononuclear cells (PBMCs) from healthy donors were isolated by Ficoll-Hypaque density gradient centrifugation. Briefly, 10 ml of venous blood was layered on a Ficoll cushion and centrifuged at 1,500 rpm for 30 min (Sorvall RT6000B; Du Pont Co., Wilmington, Del.). Mononuclear cells at the Ficoll interface were collected and washed twice in Hanks balanced salt solution. The cells were then concentrated at 10 6 cells/ml, in complete medium supplemented with PHA-P (3 g/ml) (Sigma) and recombinant human interleukin-2 (rhIL-2) (30 U/ml), for 48 h at 37°C. After incubation, the cells were pelleted, readjusted to 10 6 cells/ml in complete medium supplemented with rhIL-2 (30 U/ml), and aliquoted in 100-l samples in triplicate and treated with NKI-L16 (1 g/ml) or not treated. A syncytium assay was then performed as described above with latently infected J1.1 cells. Syncytium counts were conducted between 24 and 48 h postincubation. In other experiments, PBMCs were infected with two different syncytium-inducing HIV-1 primary isolates (92UG029 and 92UG021). At 7 days postinfection, in the presence of 30 U of rhIL-2 per ml, PBMCs (10 5 cells) were cocultured with an equal number of untreated or NKI-L16-treated 1G5 cells and evaluated for luciferase activity 12 and 24 h after the start of coculture. The following reagents were obtained through the AIDS Research and Reference Reagent Program: rhIL-2 from Maurice Gately, Hoffman-La Roche Inc. (36) , and HIV-1 syncytium-inducing primary isolates 92UG029 and 92UG021. In some experiments, PBMCs were transiently transfected by electroporation as previously described (7) .
RESULTS
The interaction between ICAM-1 and LFA-1 is a very important element in HIV-1-mediated syncytium formation in certain cellular contexts. Since LFA-1 can be induced to a highaffinity state for its physiological counterreceptor ICAM-1, we reasoned that such an increase in the affinity of LFA-1 toward ICAM-1 should lead to a larger number of virus-induced syncytia.
High-affinity LFA-1 modulates HIV-1-dependent syncytium formation. CD4-positive T-lymphoid cell lines (1G5 and Jurkat E6.1) were incubated with NKI-L16, an anti-LFA-1 antibody known to induce the switch of LFA-1 from a low-to a highaffinity state for ICAM-1 (34) , and then intermixed for 16 h with HIV-1 latently infected J1.1 or OM10.1 cells. Previous experiments from our group showed that the two uninfected cell lines expressed LFA-1 on their surface (data not shown). As presented in Fig. 1 , higher levels of cell aggregation were discernible when NKI-L16 was added to Jurkat E6.1/J1.1 (Fig.  1A) , 1G5/J1.1 (Fig. 1B) , and 1G5/OM10.1 (Fig. 1C ) cell mixtures. Concomitant with an increase in homotypic cellular aggregation was a detectable increase in the overall number of syncytia ( Fig. 1 ). Interestingly, we noticed marked changes in the size of formed syncytia when NKI-L16 was included in the coculture system. The addition of another anti-LFA-1-activating antibody, MEM83, was also found to induce higher levels of homotypic cell aggregation and syncytium formation in these cell settings but to a lower extent than with NKI-L16incubated cells, which is consistent with previous cell-to-cell conjugate studies (data not shown) (34, 37) . Syncytium formation could also be increased in the presence of NKI-L16 when J1.1 cells were incubated with the CD4-and LFA-1-positive cell lines Sup-T1, PM1, and WE17/10 (data not shown). Furthermore, a gp120-expressing cell line, A2.01env2.0, was also found to be more potentially prone to syncytium formation when coincubated with 1G5 in the presence of NKI-L16 (data not shown). These experiments thus suggested a higher rate of HIV-1-dependent syncytium formation upon LFA-1 activation, which was indicated by an increase in both syncytium number and size.
Novel luciferase-based quantitative assay for HIV-1-induced syncytium formation. Since syncytium formation seemed to be more pronounced both qualitatively and quantitatively in cells expressing the activated form of LFA-1, we were interested in devising a novel assay for HIV-1-induced syncytium formation which would account for the syncytium number as well as the syncytium size. Although several methods already exist for the estimation of syncytia, one of which was recently developed for the identification of the chemokine receptors (24), we reasoned that a luciferase-based assay would be accurate and sensitive and could easily be quantitative. Other advantages intrinsic to the use of the luciferase reporter gene as an evaluating tool included its capacity to be linearly representative of a given signal over several logs. We further assumed that a luciferase-based assay might be manageable for syncytium quantification by the use of HIV-1 LTR-driven luciferase gene expression. The formation of syncytia would hence result in the transfer of the powerful transactivating viral Tat protein from HIV-1-infected cells to uninfected CD4 ϩ T cells harboring an HIV-1 LTR-driven luciferase reporter gene. We first tested the cell line 1G5, since it stably contained HIV-1 LTR-dependent luciferase constructs and also showed a good increment of the number of syncytia upon treatment with NKI-L16 ( Fig. 1 ). When added along with J1.1 cells, 6 h after coculturing, 1G5 cells showed a significant increase in luciferase activity (10fold) in comparison to that of 1G5 cells alone. This increase was more pronounced after 12 and 24 h (42-and 3,000-fold, respectively) ( Fig. 2A) . To see whether different uninfected cells would also generate a similar increase, the pLTRX-LUC plasmid was transiently transfected in Sup-T1 and Jurkat E6.1 cells to which J1.1 cells were added for different periods. These cell lines similarly led to an increase in luciferase activity after incubation with J1.1, which again showed a time-dependent increase. The increases for Sup-T1 cells were 5-, 20-, and 555fold and those for Jurkat E6.1 cells were 6-, 52-, and 288-fold at 6, 12, and 24 h, respectively ( Fig. 2B and C). It should be noted that it is possible that the increase in luciferase activity at later times is mediated partly by HIV-1 particles produced by the J1.1 cell lines infecting the HIV-1 LTR-LUC-containing cell lines (see below).
To test whether the increase in HIV-1 LTR-driven gene activity was observed with other virally infected cells besides J1.1, several other infected cell lines were mixed with 1G5 cells ( Fig. 3) . These included the latently infected cell line J1.1, as well as H9/HIV-1 IIIB , H9/HIV-1 IIIRF , H9/HIV-1 IIIMN , and Jurkat-tat/PBS-WT. Upon incubation with 1G5 cells, all tested HIV-1-infected cell lines showed a significant increase in luciferase activity in comparison to 1G5 cells alone, an increase which was also time dependent.
Next, the necessity of the gp120/CD4 interaction for this increase in HIV-1 LTR-dependent luciferase activity was analyzed by using a combination of 1G5 and J1.1 cells. Anti-gp120 neutralizing antibodies, as well as sCD4, were equally active as blocking agents of HIV-1 LTR-driven luciferase activity ( Fig. 4A) . Moreover, the anti-CD4 antibody SIM.4 was also very potent in blocking the luciferase signal, while SIM.2 resulted in an almost complete inhibition of luciferase activity. It should be noted that a dose-dependent inhibition of HIV-1 LTR-driven luciferase activity was seen with increasing concentrations of sCD4 (Fig. 4B) . A final assessment of the reliability of this assay used for syncytium estimation by luciferase activity was performed by a direct comparison between the number of syncytia and luciferase activity when different concentrations of sCD4 were added along with the 1G5/J1.1 cell mix ( Fig. 4B and C) . A general trend could be observed between the gradual decrease in the number of syncytia at higher sCD4 concentrations and a concomitant diminution in HIV-1 LTR-dependent luciferase activity. In addition, qualitative as- The luciferase-based assay confirms that the conformational state of LFA-1 promotes HIV-1-mediated syncytium formation. By using our luciferase-based quantitative syncytium assay, we next attempted to evaluate the increase in the formation of syncytia seen upon addition of NKI-L16 antibody to 1G5 cells. There are several reasons for using this specific cell line along with J1.1 for evaluating the effect of NKI-L16 on luciferase activity. First, these cell lines do not require any transfection before being used for testing. Second, our results indicated that this system was resulting in a high level of HIV-1 LTR-driven luciferase activity. Third, the J1.1 cell line, containing a latent HIV-1 proviral DNA molecule, should constitutively produce very small amounts of virions, and thus new rounds of viral infection should minimally contribute to the overall increase in luciferase activity seen after a 12-h coculture period.
We initially used different ratios of 1G5 to J1.1 cells with or without NKI-L16 to seek the optimal conditions. As shown in Fig. 5A , under all the conditions used, luciferase counts showed greater elevations when NKI-L16 was added to the 1G5/J1.1 cell mixture, which is in accord with our previous data. However, the difference in luciferase activity between untreated and NKI-L16-treated cells achieved by the addition of J1.1 cells were strongest at around a 1:1 cell ratio, which represents the conditions used for the initial testing of NKI-L16-mediated increase in virus-induced syncytium formation (Fig. 1 ). The optimal time was also investigated, and the peak difference between NKI-L16-treated and untreated cells was found to occur at 12 h (data not shown). At these optimized parameters, the 1G5/J1.1 cell system was generally observed to give an NKI-L16-induced enhancement of luciferase activity ranging between three-and sevenfold. Although the luciferasebased syncytium quantitative assay leads to a certain degree of variation in terms of net luciferase activity, which most probably is a direct consequence of the stochastic nature of syncytium formation, overall induction by the NKI-L16 antibody was shown to be highly reproducible. The use of other HIV-1-infected T cells or uninfected transfected T cells did not give a similarly important difference in luciferase activity, although reporter gene activity was always found to be higher in NKI-L16-treated samples (data not shown). These observations might be reminiscent of the importance of the LFA-1/ICAM-1 interaction for HIV-1-mediated syncytium formation with low-gp120-expressing cell lines like J1.1 in comparison to cells expressing high levels of surface gp120, which do not require these secondary interactions as much.
We showed in earlier studies that virions, bearing host-de-FIG. 6. Enhancement of HIV-1-induced syncytium formation by the activated state of LFA-1 is also seen with monocytoid cells acutely infected with HIV-1. Untreated or NKI-L16-pretreated 1G5 cells were incubated for 12 or 24 h with an equal number of monocytoid U937 cells acutely infected with HIV-1. After lysis, the samples were measured for luciferase activity with a Dynex luminometer. The results are shown as the mean Ϯ SD for samples studied in triplicate. 7 . The NKI-L16-induced increase of virus-mediated syncytium formation measured as luciferase activity is sensitive to blocking agents of the chemokine receptor CXCR4. Untreated or NKI-L16-treated 1G5 cells were mixed with the J1.1 cell line, and either anti-CXCR4 antibodies (A) or different concentrations of SDF-1 (5 and 12.5 g/ml) (B) were added. SIM.2 (20 g/ml) was also added for a set of samples (B). The samples were lysed 12 h after the start of the coincubation, and luciferase activity was evaluated with a Dynex luminometer. The results are shown as the mean Ϯ SD for samples studied in triplicate. rived ICAM-1 on their surface, can infect NKI-L16-treated cells in a more marked fashion (27) . It was therefore important to demonstrate that the increase in luciferase activity was not due to low levels of virus production which could more easily infect NKI-L16-incubated 1G5 cells and, after integration, lead to an additive production of Tat proteins within the 12-h window frame. An experiment to investigate this possibility, in which 1G5 cells were first pretreated with AZT and then incubated for 12 h with J1.1 cells in the presence or absence of the NKI-L16 antibody, was thus performed. Clearly, no significant changes in luciferase counts were detected between untreated and AZT-treated samples with or without NKI-L16 addition (Fig. 5B ). Blockers such as soluble CD4 or SIM.2 were found to reduce the luciferase activity of untreated and NKI-L16-treated 1G5 cells to a similar extent. These results clearly indicated that HIV-1 LTR-driven luciferase activity detect-ed 12 h after coculture of 1G5 and J1.1 cells was due to fusion events and not to infection by cell-free virions produced by J1.1 cells. Moreover, they suggested that an NKI-L16-mediated increase in HIV-1 LTR-dependent luciferase activity was attributable mostly, if not entirely, to virus-induced syncytium formation.
FIG.
Finally, to determine whether this increase in luciferase activity could also be corroborated with HIV-1-infected monocytoid cells, U937 cells acutely infected with HIV-1 IIIB were incubated with 1G5 cells in the presence or the absence of NKI-L16. Similarly to the 1G5/J1.1 cell mixture, 1G5/U937-HIV-1 IIIB gave an induction of luciferase activity upon coculture, which was enhanced (2.4-fold) by the addition of NKI-L16 (Fig. 6 ). In addition, this NKI-L16-mediated increase in syncytium formation was found to be more pronounced after a 12-h incubation than after a 24-h incubation. The chemokine receptor CXCR4 and NKI-L16-mediated increase in syncytium formation. To further show the importance of virus-dependent syncytium formation in the HIV-1 LTR-driven luciferase increase induced by the addition of NKI-L16, antibodies against the chemokine receptor CXCR4 were added to the 1G5/J1.1 cell mixture. As shown in Fig. 7A , whether NKI-L16 was present or not, the addition of anti-CXCR4 antibody resulted in a net loss of luciferase activity. A more complete inhibition of HIV-1-mediated syncytium formation occurred when an NKI-L16-treated or untreated 1G5/ J1.1 cell mixture was incubated along with SDF-1, the natural ligand of this chemokine receptor; the same was true when the antibody SIM.2 was used (Fig. 7B) .
ICAM-1/LFA-1 and ICAM-2/LFA-1 interactions are essential for the NKI-L16-mediated increase in syncytium formation. To demonstrate that the ICAM-1/LFA-1 interaction is an important element in NKI-L16-mediated enhancement of HIV-1-dependent syncytium formation, different agents blocking the physical interaction between ICAM-1 and LFA-1 were tested during a 12-h incubation period of 1G5 and J1.1 cells. As shown above, sCD4 and SIM.2 were still potent blockers of HIV-1 LTR-driven luciferase activity and thus of virusdependent syncytium formation (Fig. 8A ). More importantly, soluble ICAM-1 and anti-LFA-1 MEM30 antibody were shown to decrease luciferase activity to a similar extent in the NKI-L16-incubated cell mixture, which was corroborated by visual observation of syncytium formation ( Fig. 8A and data not shown). We observed diminished luciferase activity at a level below that of cell mixtures in the absence of NKI-L16, suggesting that ICAM-1/LFA-1 interaction was also important in syncytium formation of 1G5 with J1.1 cells in the absence of NKI-L16.
Since the activation of LFA-1 by the NKI-L16 antibody has been shown to be selective in its increase in affinity toward different ICAM molecules (9), we next assessed the implication of the various ICAM molecules in the observed phenomenon. We first evaluated the expression of the different ICAM molecules on the surface of J1.1 cells. As depicted in Fig. 8B , FACS analysis revealed that ICAM-1, ICAM-2, and ICAM-3 are all expressed at relatively high levels on the surface of J1.1 cells and matched the previously described pattern for Jurkat cells (16) . These antibodies were next incubated with the 1G5/ J1.1 cell mixture for 12 h, and the luciferase activity was determined. Luciferase counts revealed that anti-ICAM-1 and anti-ICAM-2 antibodies were blocking NKI-L16-induced HIV-1 LTR-driven luciferase activity whereas anti-ICAM-3 (ICR3.1) antibodies had no discernible effect (Fig. 8C ). Other domain 1-specific anti-ICAM-3 antibodies (ICR-1.1 and ICR-5.1) were also tested and were equally ineffective in blocking NKI-L16-induced syncytium formation (data not shown). These results demonstrated that the NKI-L16-mediated increase in HIV-1-dependent syncytium formation mostly required the ICAM-1 and ICAM-2 counterligands.
The NKI-L16-mediated increase in syncytium formation does not give more resistance against blocking agents. We next wondered if virus-mediated syncytium formation in the presence of NKI-L16 antibodies was more resistant to inhibitory agents. To investigate this, a 1G5-J1.1 cell mixture was incubated with different concentrations of sCD4 in the presence or absence of NKI-L16 (Fig. 9 ). The addition of sCD4 resulted in a net diminution of luciferase counts, which gradually returned to basal level. However, no net differences were discernible in terms of inhibition in the presence or the absence of NKI-L16. Similar results were obtained when increasing concentrations of plasma-pooled purified IgG isolated from HIV-1-infected subjects were used (data not shown). These results therefore demonstrate that the presence of LFA-1 with a high-affinity state for ICAM-1 did not render 1G5/J1.1 syncytium formation less sensitive to neutralization by sCD4 and human anti-HIV-1 antibodies.
PBMCs are more prone to HIV-1-mediated syncytium formation upon addition of NKI-L16. We were finally interested in seeing whether antibody-mediated LFA-1 activation could also increase the capacity for syncytium formation when PBMCs were used as partners in our fusion assay. In this set of experiments, visual counts were performed since the luciferase activity was too low upon electroporation of PBMCs with the pLTRX-LUC vector (data not shown). Qualitative evaluation after 24-and 48-h incubations between PBMCs and J1.1 indicated that very few syncytia were present in untreated samples as opposed to NKI-L16-treated samples, which demonstrated higher levels of syncytia paralleled with higher levels of aggregation ( Fig. 10 ). Syncytium counts are presented in Table 1 and reflect the above observations. NKI-L16 treatment of PBMCs resulted in a near-fourfold increase in HIV-1-dependent syncytium number, which was greatly reduced in the presence of sCD4. It should be noted that SIM.2 treatment of the NKI-L16-treated cell mixture resulted in a complete loss of syncytium formation although aggregation was still observed. Our results thus indicated that PBMCs were more efficient in forming HIV-1-mediated syncytia when they expressed LFA-1 with a high-affinity state for ICAM-1 on their surface.
To further substantiate the LFA-1-dependent increase in syncytium formation in human primary cells, PBMCs acutely infected for 7 days with two different syncytium-inducing HIV-1 primary isolates (92UG029 and 92UG021) were incubated with NKI-L16-pretreated or untreated 1G5 cells. As indicated in Fig. 11 , for both clinical isolates, treatment with NKI-L16 led to higher luciferase counts. The higher luciferase values for the 92UG021-infected PBMCs were indeed indicative of a greater level of syncytium formation in these PBMCs, probably because of the higher levels of replication of this isolate. These results demonstrated the higher susceptibility of virally infected PBMCs to syncytium formation with a cell partner bearing the activated LFA-1 form. FIG. 9 . The sensitivity of syncytium formation to sCD4 is the same in the presence or absence of NKI-L16. 1G5 cells were preincubated or not preincubated with NKI-L16 (1 g/ml) for 30 min and then mixed with J1.1 cells in the presence of different concentrations of sCD4 (0.025 to 20 g/ml) for 12 h. After lysis, the samples were measured for luciferase activity. The results are given as the percent inhibition by a given concentration of sCD4 with respect to the untreated samples and are representative of the mean of three different luciferase counts. 
DISCUSSION
Interaction between LFA-1 and ICAM-1 has been previously described as important for the formation of HIV-1-induced cell-to-cell fusion. In the present work, we demonstrate for the first time that the expression of LFA-1 with a highaffinity state for ICAM-1 results in a marked enhancement of HIV-1-mediated merging of cellular membranes, also called syncytium formation.
We first set out to optimize a novel luciferase-based syncytium quantitative assay relying on transfer of the potent transactivating viral Tat protein from one latently or chronically HIV-1-infected cell partner to another CD4 ϩ T-cell line transiently or stably transfected with an HIV-1 LTR-driven reporter gene construct. We found that this system was rapid, reproducible, and very sensitive. Furthermore, the system was not found to be cell type specific, because enhancement of HIV-1 LTR-dependent luciferase activity was seen despite the use of different uninfected CD4 ϩ T cells and of different HIV-1-infected monocytoid or T lymphoid cells. We believe that the observed increase in luciferase activity is solely attributable to HIV-1-mediated syncytium formation, since the signal was abolished by several blocking agents such as anti-gp120 antibodies, anti-CXCR4 antibodies, sCD4, anti-CD4 antibodies, and SDF-1. Moreover, the observed increase in luciferase activity was not attributable to new viral infection events per se, since an inhibitory concentration of AZT did not reduce the luciferase activity of NKI-L16-treated samples, at least for the first 12 h of incubation. Finally, luciferase counts were found to increase along with the degree of syncytium formation in a time-dependent fashion.
This new luciferase assay for quantification of syncytia is thus very useful and simple. No transfection or infection is necessary, since mixing 1G5 cells stably carrying HIV-1 LTR-LUC constructs with latently HIV-1-infected J1.1 cells gave reproducible and accurate luciferase measurements. Our assay is less subjective and more precise than simple counting of syncytium numbers because, although there is a relationship between syncytium count and luciferase activity, a linear relation is also apparent when a qualitative assessment of the size of the syncytia is taken into account. In comparison to other previously described similar syncytium-quantifying assays, it also offers the advantage of its lymphoid T-cell setting. Therefore, it is a more representative system for syncytium formation than the T7-dependent syncytium assay or the recently published assay relying on a similar Tat-dependent transactivation of the HIV-1 LTR with the use of the secreted alkaline phosphatase, both of which are based on nonlymphoid T cells (2, 8, 24) . Furthermore, we have found that our system is also more sensitive than the classical ␤-galactosidase MAGI assay (35) for the measurement of syncytium-dependent increase in enzymatic activity. Preliminary results with our system generated satisfying luciferase counts when 1G5 cells were incubated with high-syncytium-forming cell lines after no more than 4 h of coculture (data not shown). Hence, virally induced luciferase counts should minimally contribute to the total count and make the luciferase-based assay more specific to syncytium formation.
Using this system, we have looked at the role of the LFA-1 activation state in HIV-1-induced syncytium formation by measuring luciferase activity. It was logical to believe that conformational change of LFA-1 by the NKI-L16-activating antibody, which is known to increase the LFA-1/ICAM-1 interaction and thus homotypic aggregation, should accentuate virus-mediated syncytium formation. We found that, as expected, the use of NKI-L16 led to a marked enhancement of HIV-1 LTR-driven luciferase activity, which correlated with qualitative determinations of the extent of syncytia by light microscopy. Optimization allowed us to determine that a 1:1 cell ratio (1G5 to J1.1 cells) was most optimal for NKI-L16mediated stimulation of luciferase activity. With these optimal parameters, it was also found that a similar induction of luciferase and syncytium formation could be observed when using premyelocytic and monocytic cell lines. These optimal parameters are similar to what has been found for most HIV-1-dependent syncytium assays.
The importance of the LFA-1/ICAM-1 interaction was demonstrated when using agents known to abrogate such an interaction (e.g., soluble ICAM-1 and anti-LFA-1 antibodies). These results thus indicate that expression of an activated LFA-1 on the cell surface of the uninfected cellular partner can lead to a significant increase in HIV-1-mediated syncytium formation. It has previously been demonstrated that NKI-L16mediated change of LFA-1 affinity was directed primarily toward ICAM-1 and ICAM-2 (9) . The results of our analyses are in accord with these observations, since we determined that the NKI-L16-induced increase in virally mediated syncytium formation was highly dependent on both ICAM-1 and ICAM-2 but was ICAM-3 independent.
Further analyzes revealed that there was no difference in FIG. 11 . PBMCs infected with syncytium-inducing HIV-1 primary isolates are more prone to syncytium formation with NKI-L16-treated 1G5 cells. PBMCs infected for 7 days with two different syncytium-inducing HIV-1 primary isolates (92UG029 and 92UG021) were incubated with an equal number of 1G5 cells pretreated or not pretreated with NKI-L16. After 12 or 24 h of coculture, the cells were lysed and measured for luciferase activity with a Dynex luminometer. The results are shown as the mean Ϯ SD of three independent measurements. neutralization of syncytium formation when using either polyclonal human anti-HIV-1 antibodies or sCD4 for cells treated or not treated with NKI-L16. This is in contrast to a previous report showing that inhibitory agents were less efficient in blocking LFA-1/ICAM-1-enhanced syncytium formation than in blocking their LFA-1/ICAM-1 free counterpart (6) , an observation which is reminiscent of the demonstrated importance of the ICAM-1 incorporated into HIV-1 virions in terms of their neutralization sensitivity (28, 51) . However, in our case, ICAM-1/LFA-1 interaction is taking place both in untreated and NKI-L16-treated cells. More importantly, PBMCs were found to be increased in the number of syncytia, which was also concomitant with higher cellular aggregation. These observations were taken from coculture experiments with either NKI-L16-treated PBMCs and J1.1 cells or NKI-L16-treated 1G5 cells and PBMCs acutely infected with syncytium-inducing primary isolates of HIV-1.
The results thus suggest that HIV-1-mediated syncytium formation in vivo might not only depend on a simple LFA-1/ ICAM-1 interaction but also would depend on the state of activation of the LFA-1 molecule.
In light of these results, we are postulating that the probability of encountering HIV-1-mediated syncytium formation events is greater in the constantly activated environment prevailing in secondary lymphoid organs. This assumption is based on the fact that T-cell activation, which takes place primarily in these anatomic sites (48) , is subject to greater ICAM-1 binding. In the presence of nonproductively infected T cells (and thus of low levels of surface gp120), which account for most latently infected T cells harboring HIV-1 DNA, syncytium formation might be greatly enhanced. The observed aggregation which results from NKI-L16-induced LFA-1 activation might, in that same sense, induce larger syncytia, which should render them more fragile and more quickly destroyed by the immune system. It is of interest that the architectural destruction of lymph nodes represents one of the anatomic features of this retroviral disease in which HIV-1-mediated syncytium formation could be responsible for anatomical damages seen in such organs. Moreover, the observation that multinucleated giant cells in HIV-1-infected persons have been detected only in lymphoid organs (29) could further suggest a potential role for the conformational state of LFA-1 in virally mediated syncytium formation. In fact, Allen et al. (3) have demonstrated a reduction of the HIV-1 burden in HIV-1-infected patients treated by infusions of anti-LFA-1 antibodies.
In summary, using a novel luciferase-based quantitative assay, we have described a new mode by which an increase in HIV-1-dependent syncytium formation can be achieved by changing the conformational state of LFA-1 for its counterreceptor, ICAM-1. Our results imply that such a phenomenon might be observable in lymph nodes in vivo. This approach should shed light on syncytium-dependent cytopathic effects associated with HIV-1.
